A mong the 38 distinct riboswitch (1-3) classes validated previously (4) , five respond to RNA-derived signaling molecules that might have emerged in an RNA World, but have been retained to trigger regulatory processes in modern cells. We have proposed (5, 6 ) that riboswitches for the RNA-derived molecules c-di-GMP (7, 8) , c-di-AMP (9), ZTP (10) , and c-AMP-GMP (11, 12) represent modern versions of primordial signaling processes built entirely from RNA.
A widely distributed RNA signaling molecule that is essential for many bacteria is ppGpp (Fig. 1A) , a guanosine tetraphosphate alarmone originally called magic spot (13) . This compound, along with its natural precursor pppGpp, is widely implicated in regulating RNA polymerase and other protein factors to control metabolic and physiological responses to various stresses (14) (15) (16) , including the long-studied stringent response. The stringent response is a major starvation-induced adaptation that can be triggered by amino acid depletion (17) (18) (19) . In Proteobacteria, this adaptation is accomplished at least in part via the direct inhibition of RNA polymerase by ppGpp binding (16) .
In Firmicutes, transcription regulation by ppGpp is known to act indirectly. GTP levels drop as a result of (p)ppGpp synthesis to specifically down-regulate transcription of genes that initiate with a G nucleotide, which affects the production of certain mRNAs and also rRNAs. GTP depletion still permits transcription of genes that initiate with an A nucleotide, such as those for branched-chain amino acid (BCAA) biosynthesis (20, 21) . Specific gene activation also occurs by the dissociation of the CodY transcriptional repressor protein when GTP levels drop as a result of (p)ppGpp synthesis (22) . This protein-based system thus allows ppGpp to indirectly activate CodYcontrolled genes. Herein we describe another mechanism for ppGpptriggered regulation of gene expression in Firmicutes mediated by numerous examples of selective ppGpp-sensing riboswitches.
Results and Discussion
Identification of ppGpp Riboswitch Candidates. The widespread distribution of ppGpp in biology, its role in regulating fundamental biological processes, and its construction from an RNA mononucleotide are consistent with an ancient RNA World origin (5) . Given these characteristics, we previously speculated that ppGpp would be an ideal ligand candidate for a riboswitch class that had yet to be discovered (5, 6, 10, 12) . Thus, we were well positioned to test ppGpp as a candidate ligand when we recently (23) identified a riboswitch subtype (Fig. 1B) of unknown function that commonly associates with genes for BCAA metabolism (Fig. 1C) . The ppGpp riboswitch candidates were recognized as "subtype 2a" variants of what we originally called a ykkC motif RNAs (24) .
The predominant members (subtype 1) of the ykkC motif collection were recently determined to function as guanidinesensing RNAs, which are collectively called guanidine-I riboswitches (23) . In this same study, it was discovered that certain ykkC motif RNAs (subtype 2) carry distinctive mutations at nucleotide positions found directly in the binding pocket (25, 26) . Members of the ykkC subtype 2 collection do not bind guanidine, confirming that the binding site differences indeed alter riboswitch specificity.
Although ppGpp had previously been tested for binding to ykkC RNAs (27) , it was determined in retrospect that the specific RNA sequences tested belong to the guanidine-I riboswitch class. After further separation of the subtypes into four additional classes, called subtype 2a through 2d (based on distinctive gene associations and aptamer sequence variations), ppGpp became a likely candidate ligand because of the association of many subtype 2a representatives with genes for BCAA biosynthesis. Furthermore, BCAA biosynthesis is activated during the stringent response in Firmicutes, which are the predominant organisms that contain subtype 2a ykkC motif variants.
Significance
Bacteria and other organisms make extensive use of signaling molecules that are derived from ribonucleotides or their derivatives. Previously, five riboswitch classes had been discovered that sense the four RNA-derived signaling molecules: c-di-GMP, c-di-AMP, c-AMP-GMP, and ZTP. We now report the discovery and biochemical validation of bacterial riboswitches for the widespread alarmone guanosine tetraphosphate (ppGpp), which signals metabolic and physiological adaptations to starvation. These findings expand the number of natural partnerships between riboswitches and ribonucleotide-like signaling molecules, and provide RNA-based sensors for detecting ppGpp production in cells.
Subtype 2a ykkC Motif RNAs Selectively Bind ppGpp. To test for ppGpp riboswitch function, we first arbitrarily chose to examine a BCAA-associated candidate RNA construct from the ilvE gene of Thermosediminibacter oceani ( Fig. 2A) by using in-line probing. This method exploits the differential instability of RNA phosphoester bonds in unstructured versus structured regions, to provide evidence that ligand docking alters the folding state of the ligand-binding aptamer (28, 29) . We observed a pattern of ppGpp-dependent RNA structural modulation with this construct ( Fig. 2B) to yield a binding curve consistent with 1:1 complex formation and an apparent dissociation constant (K D ) of ∼10 nM (Fig. 2C ). Nucleotides that exhibit structural modulation are located in regions that are known to form the binding pocket for guanidine-I riboswitches (25, 26) . Remarkably, these two riboswitch classes utilize the same general architecture but have altered key nucleotides to create binding pockets capable of recognizing completely different ligands.
Individual mutation of six highly conserved nucleotides (M1 through M6) within the T. oceani RNA (SI Appendix, Fig.  S1A ), predicted to be directly involved in ligand binding, each cause at least a three order-of-magnitude loss in ppGpp binding affinity (SI Appendix, Fig. S1B ). We speculate that these nucleotide positions might form the binding pocket for ppGpp because their equivalent positions are directly involved in contacting the ligand in the highly similar members of the guanidine-I riboswitch class. Reversing the nucleotide identity of a conserved base pair (M7) similarly reduces ligand affinity by about one order-of-magnitude. These findings demonstrate that conserved nucleotides are critical for optimal binding by the aptamer.
Riboswitch binding specificity was assessed via in-line probing by using a collection of ppGpp analogs comprised of guanosine nucleotide derivatives. In Bacillus subtilis, the most abundant natural version of the signaling molecule is the pentaphosphate species (pppGpp), which is directly synthesized when GTP is used as the biosynthetic precursor. The riboswitch displays equal affinities for ppGpp (Fig. 2C ) and pppGpp (SI Appendix, Fig.  S2B ), indicating they are both likely to trigger gene expression in cells. At higher concentrations, similar compounds, such as pGp, GTP, and GDP, modulate the RNA structure in the same regions as pppGpp and ppGpp (SI Appendix, Fig. S3A ). Both GDP and GTP require >1,000-fold higher concentration than ppGpp to half-maximally saturate the riboswitch aptamer (SI Appendix, Fig. S3B ), whereas other nucleotides have no effect regardless of the concentrations tested (SI Appendix, Fig. S3C ).
We hypothesized that the ppGpp aptamer RNA might recognize the guanine base of its ligand through Watson-Crick pairing and sought to identify a conserved cytosine residue that might perform this function. The conserved cytosine between the P2 and P3 stems was identified as a likely candidate due to its role in the guanidine-I riboswitch structure (25, 26) . Specifically, this C forms a long-range base pair with a conserved G in the internal loop of the P3 stem, which appears to be absent in ppGpp riboswitches because the corresponding nucleotide is no longer a conserved G nucleotide. It seemed plausible that the C nucleotide (C71 in the T. oceani 112 ilvE RNA), which is in a region of reduced scission upon ligand binding in-line probing reactions ( Fig. 2A) , might be available to base pair to the nucleobase of ppGpp. Indeed, introducing a C to U mutation at this position (M8) (Fig. 3A) switches the specificity of the aptamer from a G-containing ligand to an A-containing ligand, as demonstrated by ability of the mutant RNA to preferentially recognize pAp over pGp or ppGpp (Fig. 3B) .
In-line probing was also used to estimate the K D of pAp binding by the M8 RNA construct (Fig. 3C ). The binding curve generated from these data (Fig. 3D ) reveals a K D of ∼50 μM for one-to-one binding of pAp by M8 RNA. This K D is similar to that measured for pGp binding to the WT version of this same RNA (SI Appendix, Fig. S3B ). These data suggest that this C nucleotide at position 71 of the 112 ilvE aptamer is the primary determinant of nucleobase recognition for the riboswitch ligand. Currently, we have no evidence for a naturally occurring aptamer for ppApp (or a similar adenosine-containing molecule) because this position of the aptamer is conserved as a C nucleotide across all natural examples of the sequences resembling ppGpp riboswitches examined to date.
Transcription Termination Regulated by a ppGpp Riboswitch. To determine whether ppGpp binding by a member of this riboswitch class directly affects gene expression, single turnover in vitro transcription termination assays (30) were performed as previously described (31) with a representative from the 5′UTR of the ilvE gene of Desulfitobacterium hafniense (Fig. 4A ). This construct was chosen because the expression platform exhibited an architecture that suggested the D. hafniense riboswitch uses a transcription termination mechanism, and this construct was
Nucleotide identity confirmed to operate with RNA polymerase from Escherichia coli. Specifically, we predicted that the P3 helix of the aptamer acts as an antiterminator stem, and so transcription of the fulllength mRNA should increase when ppGpp is bound. As expected, the WT riboswitch permits RNA polymerase to proceed through the stop site of the adjoining intrinsic terminator stem with greater efficiency only when sufficient ppGpp is added to the reaction (Fig. 4B ). An RNA (M9) with a single mutation at a nucleotide position that disrupts the binding pocket terminates with the same frequency regardless of the addition of ppGpp. This finding demonstrates that transcription read-through requires ppGpp binding by the riboswitch, rather than the binding of this signaling molecule to the RNA polymerase protein complex.
The concentration of ppGpp needed to achieve half-maximal termination (T 50 ) is 6 μM for the D. hafniense ilvE RNA (Fig. 4 C  and D) . This is nearly 1,000-fold higher than the K D value measured for direct binding of ppGpp to the T. oceani 112 ilvE RNA construct (Fig. 2C) . This difference might be partly due to the distinct sequences of the two ppGpp riboswitches, or to the different conditions in which the two types of assays are conducted. However, it is well established (31-34) that some riboswitches operate under kinetic control (31) (likely experienced during transcription termination assays), rather than reaching thermodynamic equilibrium (as attained during in-line probing assays). Riboswitches operating under kinetic control have been shown to require higher concentrations of ligand to trigger gene control compared with K D values of the same constructs measured under thermodynamic equilibrium. In other words, K D values measured in a test tube do not reflect the concentration of ligand naturally required to trigger large changes in gene expression because each riboswitch aptamer does not have time to reach thermodynamic equilibrium before RNA polymerase transcribes beyond the intrinsic terminator stem.
The amount of full-length transcript is quite high even when no ppGpp is present and the terminator is expected to form (Fig.  4B) . This is again likely due to kinetic aspects, such as the speed of RNA polymerase, which can influence the amount of ligand needed to regulate riboswitch-mediated termination, and the absence of the transcription factor NusA, which can increase the dynamic range of transcription termination yields (31, 35) . Also, the modest dynamic range of the D. hafniense ilvE riboswitch in vitro might be due in part to the fact that the run of U residues traditionally following a terminator stem is interrupted with a C nucleotide. A construct wherein this C residue is altered to a U (M11) exhibits a modestly improved dynamic range (Fig. 4 C and  D) . Regardless of the factors affecting the dynamic range of the riboswitch when measured in vitro, similar dynamic ranges for other riboswitch classes examined by in vitro transcription assays have been observed previously (36) (37) (38) .
To further assess ppGpp as the natural ligand for this riboswitch class, we tested other guanine nucleotide compounds using in vitro transcription termination assays. Although pGp and GDP cause modulation of the RNA under in-line probing conditions, albeit with decreased affinity compared with ppGpp, neither is able to cause a shift from terminated to full-length product even at a concentration of 1 mM (Fig. 4E ). GTP was not tested because it is already present at 150 μM in the transcription reaction. These results demonstrate that these RNAs selectively regulate gene expression in response to ppGpp or pppGpp, but not any other guanine nucleotide derivative.
Gene Associations of ppGpp Riboswitches. The ligand binding and in vitro regulatory function of ppGpp riboswitch constructs described above are entirely consistent with the predominant gene associations observed for members of this riboswitch class. The link between BCAA metabolism and ppGpp signaling is well established (13) (14) (15) (16) (17) (18) , and our observations that ppGpp and pppGpp are bound by members of this riboswitch class are consistent with this natural gene association.
However, ppGpp riboswitches are also commonly associated with members of two other gene classes, which are connections that were not well established previously. The first includes genes encoding various glutamate synthase domains, including gltS, gltB, gltD, and glxB. The second includes operons containing three ATP-binding cassette (ABC) transporters, one of which is predicted to be natA while the other two (COG3694 and COG4587) have unknown functions. Representative RNAs associated with glutamate synthase (SI Appendix, Fig. S4 ) and natA (SI Appendix, Fig. S5 ) gene classes bind ppGpp with dissociation constants similar to that observed for the T. oceani 112 ilvE riboswitch aptamer (Fig. 2) .
Organisms that use ppGpp riboswitches to control glutamate synthase genes typically also use ppGpp riboswitches to regulate BCAA biosynthesis-related gene expression, suggesting that these two metabolic processes are linked. Glutamate levels are known to be elevated during the stringent response (39) , and this riboswitch discovery provides a direct mechanism for up-regulation of glutamate biosynthesis during this stress response. Moreover, the known connection between these biochemical responses reinforces our hypothesis that the natural ligand for some ykkC subtype 2 RNAs indeed is ppGpp or its immediate biosynthetic precursor pppGpp.
There was no prior established link between ppGpp signaling and the ABC transporters associated with ppGpp riboswitches. Organisms with ppGpp riboswitches upstream of these transporter genes are mutually exclusive to organisms with ppGpp riboswitches upstream of BCAA and glutamate synthesis genes. A possible explanation for this gene-association pattern comes from the fact that one of these transporters shares homology with NatA, which has a predicted cation transport function and is known to be expressed under membrane stress conditions (40) . Various cell envelope stresses are also known to activate the relP ppGpp synthase gene in B. subtilis (41) (42) (43) . Therefore, it seems logical for these transporters, if they are indeed NatA homologs, to be expressed when ppGpp levels are high, although in this case ppGpp production is not directly related to the stringent response.
Some ppGpp Riboswitches Reside in Tandem with T Box RNAs. In ∼40% of the instances when the ppGpp riboswitch is found in the 5′UTR of BCAA biosynthesis genes, a leucine T box RNA is found either directly upstream or downstream of the riboswitch in the same UTR. T box RNAs are regulatory domains that control gene expression in response to binding certain uncharged tRNAs, thereby indirectly detecting a deficiency of an amino acid (44) . These two RNA elements presumably function independently because each has its own expression platform. When found in tandem, they function as a two-input Boolean AND logic gate, which would be similar to riboswitch logic gate architectures reported previously (45) . Specifically, both uncharged tRNA Leu and ppGpp would be necessary for transcription of the downstream protein coding regions.
This tandem arrangement likely exploits two required inputs to ensure that the expression of associated genes is reduced when nutrients are plentiful. Additionally, because RelA is allosterically regulated by any uncharged tRNA, the ppGpp riboswitch will turn on gene expression when any amino acid is limiting, whereas each T box RNA indirectly detects a limitation only of its cognate amino acid. At the promoter level, BCAA biosynthesis genes are regulated by the CodY transcriptional repressor, which uses GTP and isoleucine as regulatory inputs (22, 46) . It is unclear whether all three of these mechanisms are utilized simultaneously because, while organisms with ppGpp riboswitches typically have the codY gene, the canonical CodY binding site consensus sequence (46) was not found upstream of ppGpp riboswitch sequences.
Bioinformatic and Biochemical Data Reveal Additional Riboswitch
Classes. All other RNAs examined that were grouped with ykkC subtype 2 fail to bind either ppGpp or guanidine, and therefore represent distinct riboswitch classes. Subtypes 2a through 2d were identified by sorting RNA representatives based on their distinct gene associations, and then by comparative sequence analysis (23) , as was conducted to identify ykkC subtype 2a RNAs and to verify that they function as ppGpp riboswitches (Fig. 1) . We recently determined that some of these RNAs (subtype 2b) bind phosphoribosyl pyrophosphate, a precursor of nucleotide biosynthesis (47) . However, we speculate that at least two additional candidate riboswitch classes (subtypes 2c and 2d) whose ligands remain undiscovered are represented among the remaining ykkC RNA variants.
Conclusions
A riboswitch class for ppGpp has long been anticipated (5, 6, 10, 12) , but representatives of this particular class were challenging to identify due to their striking similarity to riboswitches for guanidine (23) . At one point early in evolutionary history, ppGpp riboswitches might have been extremely widespread, but it appears that their function has been replaced by the CodY repressor protein factor in many organisms.
Notably, the discovery of ppGpp riboswitches in tandem with T box regulators serves as an additional demonstration of how complex molecular devices can be formed purely from RNA. The Boolean AND gate architecture described herein involves a tRNA sensed by a T box RNA and a riboswitch RNA that senses the RNA-derived alarmone ppGpp. This all-RNA system is similar to that for the two-input NOR logic gate formed by tandem riboswitches for S-adenosylmethionine and adenosylcobalamin (45) . Similarly, it has previously been demonstrated that a riboswitch located in tandem with a group I self-splicing ribozyme functions as a two-input AND gate that requires both the signaling molecule c-di-GMP and the nucleotide GTP to properly splice and express a messenger RNA from Clostridium difficile (8, 48) . Such complex all-RNA systems suggest that riboswitch-mediated responses to nucleotide-like signaling molecules such as ppGpp could be of ancient RNA World origin.
Materials and Methods
Chemicals and Reagents. Chemicals were purchased from Sigma-Aldrich with the exceptions of guanosine 5′,3′-bisdiphosphate (ppGpp), guanosine pentaphosphate (pppGpp) (Jena Bioscience), and guanosine 5′,3′-bisphosphate (pGp) (TriLink Biotech). [γ-
32 P]-ATP was purchased from Perkin-Elmer and used within 2 wk of delivery. All bulk chemicals were purchased from J. T. Baker and enzymes were purchased from New England Biolabs, unless otherwise noted. All solutions were prepared using deionized water (dH 2 O) and were either autoclaved or filter-sterilized (using 0.22-μm filters; Millipore) before use. DNA oligonucleotides used in this study (SI Appendix, Table S1 ) were purchased from Sigma-Aldrich and Integrated DNA RNA Oligonucleotide Preparation. Preparation of RNAs for use in in-line probing experiments was performed as previously described (23, 52) with the following modifications. All double-stranded DNA (dsDNA) templates used for RNA transcription were assembled via extension of overlapping synthetic DNAs (SI Appendix, Table S1 ) using SuperScript II reverse transcriptase (Thermo Fisher Scientific). Forward primers contain the T7 RNA polymerase (T7 RNAP) promoter followed by guanosine residues (when not present in the WT sequence) to enable transcription. Thereafter, RNA constructs were prepared from these dsDNAs by in vitro transcription, purified, and subsequently 5′ 32 P-labeled as previously described (23, 52) .
RNA In-Line Probing Analyses. In-line probing assays were performed as previously described (28, 29) . The values for the amount of RNA aptamer bound to ligand or "fraction bound" were estimated based on the ligandmediate changes in the band intensities from in-line probing assays also as reported previously (23, 52) . Briefly, quantified changes in band intensities at designated sites reflect the fraction of RNAs that are bound to ligand, such that half-maximal increases or decreases in band intensities represent the K D for the RNA-ligand interaction.
Single-Round Transcription Termination Assays. Template dsDNA constructs for single-round in vitro transcription were designed to include the aptamer and expression platform of the D. hafniense riboswitch starting at the predicted natural transcription start site and ending 28 nucleotides beyond the terminator stem. The promoter used to enable transcription was derived from the B. subtilis lysC gene, which is compatible with E. coli RNA polymerase. P]-UTP was added per 8-μL reaction and transcription was allowed to proceed at 37°C for 10 min, leading to formation of a stalled polymerase complex at the first cytidine nucleotide of each transcript. For each 8-μL transcription reaction, 1 μL of 10× elongation buffer [20 mM Tris·HCl (pH 7.5 at 23°C), 75 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 2 mg mL −1 heparin, 1.5 mM ATP, 1.5 mM GTP, 1.5 mM CTP, and 250 μM UTP] as well as 1 μL of a 10× solution of the ligand of interest were added sequentially. Because ppGpp is a known inhibitor of E. coli RNA polymerase initiation (16), the holoenzyme was first allowed to assemble into a stalled, stable ternary complex before ppGpp was added concurrently with the elongation mixture. Transcription reactions were then incubated at 37°C for an additional 60 min. The transcription products were subsequently analyzed via denaturing 10% PAGE and visualized using a phosphorimager (GE Healthcare Life Sciences). Fraction full-length (FL) values were calculated by varying the ligand concentration in separate reactions and quantifying the changes in band intensity of both FL and terminated (T) transcription products using the formula (FL)/(FL + T). The T 50 values were determined by plotting the fraction FL as a function of the logarithm of ligand concentration and using a sigmoidal four parameter logistic fit in GraphPad Prism 7.
